This is the first broad survey using major, minor and trace element analysis of 8th-15th AD plant ash glass from the Middle East across a 2000 mile area stretching from Egypt to northern Iran. This was part of the ancient Silk Road that extended from the Middle East, through central Asia to China. Up to now, some compositional distinctions have been identified for such glasses mainly using major and minor element oxides and radiogenic isotopes. Our new trace element characterisation is for glass found in selected cosmopolitan hubs, including one where there is archaeological evidence for primary glass making. It provides not only far clearer provenance definitions for regional centres of production, in the Levant, northern Syria and in Iraq and Iran, but also for sub-regional zones of production. This fingerprinting is provided by trace elements associated with the primary glass making raw materials used: ashed halophytic plants and sands. Even more surprising is a correlation between some of the sub-regional production hubs and the types of glass vessels with diagnostic decoration apparently manufactured in or near the cosmopolitan hubs where the glass was found such as colourless cut and engraved vessels (in Iraq and Iran) and trail-decorated vessels (in the Levant). This therefore provides evidence for centres of specialisation. Our trace element characterisation provides a new way of defining the Silk Road by characterising the glass that was traded or exchanged along it. Taken together this data provides a new decentralised model for ancient glass production.
Introduction
The existence of the Silk Road between the Middle East and China is reflected in the occurrence of a wide range of materials including silk, glass, metals and ceramics particularly found in cosmopolitan hubs. Part of its existence is recognisable from as early as the 4th century BC. Materials may have moved in a range of ways including trade and the resulting distributions are more analogous to a modern day "virtual network" than to a physical road. A peak period of interaction was between the 6th and 9th centuries AD when the Tang Dynasty Chinese and (from 750 AD) the Abbasid caliphate were at political and economic peaks. Between the Mediterranean basin and ancient Persia there were a number of multi-ethnic hubs including Cairo, Damascus, Beirut, Al-Raqqa, Ctesiphon, Samarra and Nishapur. Some of these hubs would have had extensive industrial complexes where glass was fused from raw materials. Either raw glass or the vessels made from it would have been fed into the exchange and trade networks on the land-based Silk Road and the connected water-borne Silk Road, both ultimately leading to south-east Asia.
A range of glass vessel types with characteristic decoration were made between the 8th and 15th centuries [1] . Some of these, including lustre-decorated, scratch-decorated, cameo-decorated, colourless cut and engraved vessels, have been found along the Silk Road as far away as China [2] .
One of the best collections of typical west Asia vessels has been found on the famous 9th century Famen temple site in Shaanxi province, northwestern China. Ancient glass technologies changed over time in the Middle East. The earliest glass (from c. 2400-c. 1000 BC) was made from ashed halophytic plant ashes and crushed quartz or sand (referred to here as plant ash glass [PAG] ). Between c. 1000 BC and 800 AD this was followed by the use of an evaporitic alkaline salt, natron, combined with sand. After this date PAG was reintroduced and continued to be used (albeit with other glass compositional types) until c. 17th century AD. Some PAGs dating to between c. 1000 BC and 800 AD have been found, with the Sasanians (3rd to 7th centuries AD), in particular, using the technology, but the Hellenistic Greeks, the Romans, the Byzantines and cultures of early medieval Europe mainly used natron glass.
Scientific research on ancient glass has provided evidence for changing technologies over time and for broad (and sometimes somewhat narrower) geographically defined production zones [3] [4] [5] [6] [7] [8] .
Analysis of glass using especially Sr and Nd [and B] isotopes has sometimes led to better defined production zones based on a geological provenance [9] [10] [11] . Historical references to glass manufacture can provide indications about production [4, 12] and possible broad production zones based on decorative styles and production techniques for Islamic vessels have been suggested on archaeological and art historical grounds [13] [14] [15] .
Here we present new scientific analyses and interpretation from electron probe microanalysis (EPMA) and laser ablation inductively coupled plasma mass spectrometry (LAICPMS) for glass deriving from the urban centres in an area between Egypt and northern Iran. These centres are 9th century Beirut (the Lebanon), 11th-12th century Damascus (Syria), 9th century Al-Raqqa (Syria), 9th century Samarra (Iraq), 9th-10th century Ctesiphon -Islamic al-Madā'in (Iraq), 9th-10th century Nishapur (Iran) and 14th-15th century Cairo (Egypt). We have also included samples of glass from a late phase (8th-10th century) of the important palatial site of Khirbat al-Minya (Israel). Until now, scientific analysis of Middle Eastern Islamic plant ash glass vessels has largely been the determination of major and minor elements and isotopes [16] [17] [18] [19] [20] , but not to large-scale trace element analysis or the study of glasses deriving from sites across a broad geographical area.
The main objectives of this work are first to investigate whether variations in the chemical compositions of the glasses form groups that can be correlated to the zones in which they were found or made. A second objective is to assess whether chemical variations in the glasses can be correlated with specific vessel decorative types and/or colours.
Methodology

Materials
This article focuses on glasses found on the sites listed above. A list of samples is given in Table 1 where the sample number, the site, vessel type and colour is provided. Samples of a range of vessel types and decorations have been analysed so as to investigate any possible links between, their chemical compositions and the locations in which they were found, vessel types and decorations. The vessel types sampled include some that are typical for the period. They include colourless cut and ground vessels mainly found on sites in Iran and Iraq (Nishapur, Samarra and Ctesiphon), vessels with applied decorative strings with green bodies (Nishapur), colourless pinched decorated vessels (Nishapur and Samarra), scratch decorated vessels (Samarra), cameo decorated (Samarra) and enamelled mosque lamps bearing dedications to specific emirs based in Cairo whose reigns are given in Table 1 . Although the mosque lamp samples are 200-400 years later than the rest, there is an overall coherence in the results. Undecorated vessels samples analysed include beakers, vases, bottles, bowls, phials, flasks and grenades from Ctesiphon, Beirut, Damascus, Khirbat al-Minya and Al-Raqqa. We have also analysed samples of coloured wall plates from Samarra and window glass from Khirbat al-Minya and Al-Raqqa for comparison. Samples from the only archaeologically proven primary glass making site, where glass furnaces were excavated, are those from Al-Raqqa. We have included samples of raw furnaces glasses of a range of colours. We were careful to make sure that the samples did not derive from a zone of interaction with the furnace floor. Photographs of representative samples are given in Figure 1 
Methods
Electron probe microanalysis
Electron probe microanalysis is one of the most accurate techniques for the analysis of silicates [23] .
The analysis of 1-2mm samples was performed using EPMA-WDS using a JEOL JXA-8200 electron microprobe in the Department of Archaeology, University of Nottingham as described elsewhere [24] .
A defocused 50μm electron beam was used. Twenty six elements were sought, presented as oxide [24] . The following elements were sought but not detected: V, Cr, Ni, Ba, Sn, Zn, Sr, Ag, As, Zr. Table   2 provides a comparison between the quoted and measured values for detected oxides in the Corning B glass standard, with associated standard deviations. Data were collected in a continuous time resolved analysis (TRA) fashion. Prior to laser firing a period of at least 120s of 'gas blank' were collected, then 3 ablations being made on the SRM610; 3 ablations on the SRM612; 3 ablations on up to 8 samples and a final 3 ablations on the SRM610. The SRM612 was used to calibrate the system whilst the SRM610 was used as a quality control (QC) material; aggregated results for each element-isotope concentration are given in Table 3 . All calculations and data reduction were performed manually in Excel spreadsheets and statistical analysis using MiniTab v13. The nature of laser ablation means there is some variability in ablation volume and transport efficiency with different materials (matrix effects). Therefore, accepted practice is to normalise results to an internal standard element, in the current study Si was chosen for this purpose with its concentration being known in the NIST glasses and provided by the EPMA data for the study glasses. A number of bi-plots for both 2 sets of oxides and for ratios were created for both major/minor and trace element results, including for rare earth elements. Those provided here are considered to be the most instructive for the present study.
Results
Major, minor and trace element analysis has been carried out on 97 samples of plant ash glasses in order to examine relationships between glass compositions, dates, vessel types and provenance.
Electron microprobe results are given in Appendix B and trace element results in Appendices C.1 to C.8. As noted above broad geographical provenances for Islamic plant ash glasses have been suggested before. The suggested areas have been 'Syria', 'Mesopotamia' and 'the Levant' mainly based on major and minor oxide concentrations such as sodium, calcium, magnesium, aluminium, iron and strontium [4] , [17] [18] [19] , [28] . Fig 5) . Surprisingly, the very low ratios found in a range of plant samples from Syria and the Lebanon [33] suggest that they cannot provide sufficient Cs or Li for the levels of K. This could therefore suggest that they may come in as a contaminant in the silica source. Eight of eleven Ctesiphon samples were taken from three 9th-10th century pale green and five colourless facet cut vessels. Nine samples fall into a well-defined eastern group with high Cr/La ratios in Figure 5 . Seven of these are colourless or pale green facet cut vessels; the remaining 2 are a colourless bowl and an ovoid vessel. One colourless facet cut sample from Ctesiphon falls close to AlRaqqa samples possibly indicating it was made in northern Syria; the second small pale green ovoid vessel sample plots amongst Samarra samples in Figure 5 so these vessels or the glass were probably imported to Ctesiphon.
Fourteen out of nineteen Samarra samples fall into a distinct negatively correlated group in Figure 5 .
These consist of four pale green mould-decorated vessels, five cameo decorated vessels, one pinchdecorated vessel, two scratch decorated vessels and two wall plaques (see Table 1 ). These results probably show that a range of characteristic early Islamic vessel types together with wall plaques were made in Samarra. Six Samarra samples with lower Cr/La ratios are separated from the main Samarra group in Figure 5 . Intriguingly, unlike the correlated group, they all colourless, include cut vessels and were made with sand containing low iron levels (see Figure 4 ). These glasses plot close together and are close to (amongst others) Nishapur colourless samples in Figure 5 . These Samarra samples are far more clearly associated with those from Nishapur in Figure 6 , confirming their eastern origin and were therefore probably imported to Samarra from Nishapur.
Al-Raqqa is located between the Levant and the Eastern zone of Iraq and Iran. Many Al-Raqqa samples also plot between Levantine and eastern glasses in Figure 5 and more clearly in Figure 6 .
The results include raw furnace glasses from the primary glass-making site at Al-Raqqa; these have more constrained Cr/La and Li/K signatures than detected in scrap glasses derived from glass working and in vessel glasses from Al-Raqqa. A beaker, a phial and window glass samples found at
Al-Raqqa plot with eastern samples in Figure 6 , and in the Samarra correlated group in Figure 5 , suggesting that they were imported along the river Euphrates from Samarra to Al-Raqqa some 430 miles away. Two nearly colourless Nishapur beaker fragments (with a yellowish tinge) decorated with applied knobs plot with Al-Raqqa samples and were presumably imported to Nishapur from Al-Raqqa.
Levantine and Egyptian glasses dating to between the late 8th and 15th centuries are united in Results for the cosmopolitan centres of Beirut and Damascus have the lowest Cs/K ratios and Beirut glasses generally have lower Zr/Ti ratios than found in Damascus glasses. The 14th-15th century mosque lamp glasses attributed to local emirs in Cairo [22] contain amongst the highest Cs/K ratios.
The results for two low lead opaque red enamels used to decorate the lamps plot with vessel body glasses suggesting that similar raw materials were used to make the vessel body glasses and the enamels and that they were therefore probably made in the same place.
Discussion
Given the large scale of glass production in the Byzantine and Islamic worlds, and the potential for scientifically before, that the glass used to make the colourless cut and pinch decorated vessels was made in that zone [13] [14] and that both its colour and decorations constitute a regional technological specialisation. These vessels dating to the 9th and 10th centuries were preceded and clearly influenced by the production of similar colourless wheel cut plant ash vessels in the same area during the Sasanian period (3rd-7th centuries AD). However, even though similar raw materials would have been used to make them, the Sasanian and our 9th-10th century vessels can mainly be distinguished analytically from ours (see above). This may indicate that the raw materials used derived from slightly different locations.
Four Nishapur glasses fall into the Levantine group in Figures 4, 5 and 6. Significantly these are pale green or pale blue, rather than colourless, and are decorated with threads in pale green, cobalt blue or turquoise colours (See Fig. 1(c) ). These results therefore suggest that a Levantine specialisation was the production of thread-decorated vessels.
The massive cosmopolitan settlement of Samarra by the river Tigris was a 9th century capital of the Abbasid caliphate, probably founded in 834-5. Our results provide evidence for another technological variation: they suggest that glass almost certainly made there was used for the manufacture of a relatively wide range of characteristic early Islamic decorative vessel types and wall plaques (see Fig.   1 (e)). The colourless, including cut glass, vessels were apparently imported from Nishapur.
Al-Raqqa was also briefly an important city and the caliph resided there in the late 8th and early 9th
centuries. The results for Al-Raqqa furnace glasses bolster the case for our interpretation, providing clear provenance information; they fall on quite a tight Cr/Fe correlation line in Figure 4 and Al-Raqqa The centralised production model envisages that raw glass was exported from primary production sites to secondary production sites where glasses were remelted and blown into vessels. Chemical sub-types of natron glass can sometimes be associated with coastal furnace sites but in spite of a suggested link between some vessel types/ decorations and chemical compositions [37] , so far there is limited compositional evidence [6, 39].
Conclusions
The trace element analyses of Islamic plant ash glasses from across a broad geographical area in this study provide the first clear evidence for regional production zones in the Levant, northern Syria and in Iraq/ Iran. They also provide evidence for production sub-zones associated with the large cosmopolitan urban hubs with thriving economies supporting the manufacture of a range of materials such as ceramics and glass and supplying local, regional and supra-regional markets. As for natron glass, a centralised production model within the Levant has recently been suggested for plant ash glass [40] . While it is clear from the data presented here that the Levant was an important production zone, we the production sub-zones associated with urban centres we have detected in the Levant indicate that decentralised production occurred and over a period of c. 800 years. This model of broad production zones and internal sub-zones also applies to areas much further east in Iran and Iraq, as exemplified by separate production associated with Samarra and Ctesiphon, which are only 84 miles apart (see Figure 2) . We are also able to discriminate using trace elements between most (earlier) We have detected evidence for technological specialisation. Results from Nishapur and Ctesiphon demonstrate that the centres specialised in producing colourless and pale green wheel cut facetted glass vessels respectively (see Fig. 1(a) ). These contrasting results provide evidence for the existence of two separate production centres within the broad eastern zone that specialised in different colours of cut and engraved glass vessels.
The study's supra-regional sampling strategy has highlighted regional differences, including evidence for the specialised production of different glass colours and vessel decorations and has helped to define the Silk Road, linking the 'centre' of the Middle Eastern Islamic world to its 'periphery'. The results have also provided evidence for the existence of technological identities associated with production zones as part of the decentralised production of plant ash glass. Our results can also improve predictions about trade and exchange without scientific analysis. This new evidence for production zones provides an interesting way forward for the study of ancient glass in relation to production, supply, trade and exchange.
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